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Microgels specific structural and functional features are attracting high research interest in several applications such as bioactives and drug delivery or functional food ingredients. Whey protein microgels (WPM) are obtained by heat treatment of whey protein isolate (WPI) in order to promote intramolecular cross-linking. In the present work, atomic force microscopy (AFM) was used in contact mode and in liquid to investigate WPM particles topography and mechanical properties at the nanoscale at native pH (6.5) and acid pH (5.5 and 3.0). Prior to AFM, WPM particles were captured on a gold substrate via low energy interactions by means of specific monoclonal antibodies. AFM images clearly showed an increase in the size of WPM particles induced by pH decrease. AFM in force spectroscopy mode was employed to monitor the elasticity of WPMs. The obtained effective Young's modulus data showed a significant increase in stiffness at pH 5.5 and pH 3.0, over 15-fold compared to native pH. These findings indicate that the mechanical profile of the WPM network varied with the pH decrease. The WPM topographic and nanomechanical changes induced by acidification were most likely due to substantial changes in the shape and inner structure of WPM particles. Our results suggest that

Introduction

Historically, food ingredients have been evaluated regarding their impact on the formation and stabilization of colloidal structures as well as for their contribution to the sensory quality of food products. Therefore, the design of functional colloidal structures attracted great interest in the food industry since these systems could be used as food ingredients to improve oral processing, textural perception of food matrix and to control the delivery of bioactive compounds during digestion [START_REF] Dickinson | Colloids in food: ingredients, structure, and stability[END_REF]. There is a trend to investigate foods using soft matter physics tools [START_REF] Ubbink | Food structure and functionality: a soft matter perspective[END_REF]. The orientation of molecules in a three-dimensional space and their interactions can indeed induce important effects on the product properties [START_REF] Mezzenga | Understanding foods as soft materials[END_REF][START_REF] Donato | Mixtures of whey protein microgels and soluble aggregates as building blocks to control rheology and structure of acid induced cold-set gels[END_REF]. For instance, whey proteinpolysaccharide mixtures have been previously used as food ingredients to produce a range of textures and control water release in food systems [START_REF] Allen Foegeding | Using dairy ingredients to alter texture of foods: Implications based on oral processing considerations[END_REF].

Novel colloidal particles may be designed from natural biopolymers as functional ingredients and nanoscale structuring agents such as microgels. Crosslinked polymeric particles display high water content, defined particle size, an internal network for the incorporation of bioactive compounds with a controlled release and interesting mechanical properties. This makes them candidates for drug delivery and functional ingredient applications. These colloidal structures, sized from 100 to 1000 nm, are generally formed by precipitation polymerization of monomers at specific conditions of temperature, pH, and ionic strength with or without use of additional crosslinking agents. They possess better stability, durability and mechanical properties than monomeric particles [START_REF] Censi | Photopolymerized thermosensitive poly(HPMAlactate)-PEG-based hydrogels: Effect of network design on mechanical properties, degradation, and release behavior[END_REF]. Whey proteins are a particular class of suitable microgels building blocks thanks to their ability to self-assemble, as well as their flexibility to change depending on temperature and pH, which allows the formation of microgel networks [START_REF] Nicolai | β-Lactoglobulin and WPI aggregates: Formation, structure and applications[END_REF]. In the past decade, several strategies have been developed to design ß-lactoglobulin and whey protein functional microgels (WPM) [START_REF] Nicolai | β-Lactoglobulin and WPI aggregates: Formation, structure and applications[END_REF][START_REF] Nicolai | Formation and functionality of self-assembled whey protein microgels[END_REF].

Several studies evaluated the properties of WPM formed by heat treatment at a pH between 5.7 and 5.9 [START_REF] Donato | Mechanism of formation of stable heat-induced β-lactoglobulin microgels[END_REF][START_REF] Schmitt | Internal structure and colloidal behaviour of covalent whey protein microgels obtained by heat treatment[END_REF]. The hydrodynamic radius of WPM prepared using whey protein isolate WPI dispersion at 4% (w/w) heated at 85°C for 15 min was about 136 ± 7 nm with a surface charge of -30 mV at pH 7.0 [START_REF] Schmitt | Internal structure and colloidal behaviour of covalent whey protein microgels obtained by heat treatment[END_REF]. In addition, these microgels were stable against aggregation and precipitation at pH values below 4.0 and above 5.5. On the other hand, this crosslinked colloidal structure is not steady and several modifications could occur due to changes in the physico-chemical conditions [START_REF] Yao | Swelling and shear viscosity of stimuliresponsive colloidal systems[END_REF].

Microgel systems display a pH-dependent structural behavior. In a more recent study performed on microgels prepared by acidifying ß-lactoglobulin suspension (4% w/w) at 5.8 prior to heating at 85°C for 20 min, about 20% swelling of the microgels has been observed at alkaline pH. Conversely, decreasing the pH from 6.0 to 3.5 did not induce a significant change in their hydrodynamic diameter evaluated by dynamic light scattering [START_REF] Murphy | Effect of crosslinking on the physical and chemical properties of β-lactoglobulin (Blg) microgels[END_REF]. These findings are partially in conflict with small angle X-ray scattering (SAXS) results obtained in another study, reporting a pronounced swelling of WPM at pH values away from WPM isoelectric point [START_REF] Schmitt | Internal structure and colloidal behaviour of covalent whey protein microgels obtained by heat treatment[END_REF]. The reported structural differences could be attributed to the different experimental conditions and methods used for the evaluation of microgels size. Moreover, the first study was performed on purified ß-lactoglobulin microgels, while WPI was used for the second one. Different microgel systems of ampholytic microgels based on poly(N-vinylcaprolactam) and poly(N-isopropylacrylamide) with randomly distributed anionic and cationic groups have been investigated [START_REF] Schroeder | Electrostatic interactions and osmotic pressure of counterions control the pHdependent swelling and collapse of polyampholyte microgels with random distribution of ionizable groups[END_REF]. A symmetric V-like shape has been obtained by evaluating the colloids size as a function of pH. At high and low pH values, swelling of purely cationic or anionic microgels was obtained due to electrostatic repulsion of similarly charged groups. Understanding the swelling behaviour of soft colloidal systems as a response to environmental stimuli such as pH is crucial for their use as functional ingredients or drug delivery systems [START_REF] Yao | Swelling and shear viscosity of stimuliresponsive colloidal systems[END_REF]. Indeed, at a macroscopic scale, it has been shown that the structural and chemical properties of microgels impact the rheological properties of acid gels [START_REF] Donato | Mixtures of whey protein microgels and soluble aggregates as building blocks to control rheology and structure of acid induced cold-set gels[END_REF]. However, only few works were devoted to the investigation of the WPM properties at the nanoscale [START_REF] Murphy | Effect of crosslinking on the physical and chemical properties of β-lactoglobulin (Blg) microgels[END_REF]. Atomic force microscopy was used in the last ten years to investigate soft colloidal assemblies such as native or crosslinked casein micelles captured on a substrate in air [START_REF] Silva | AFM study of casein micelles cross-linked by genepin: effects of acid pH and citrate[END_REF] or in liquid environment [START_REF] Murphy | Effect of crosslinking on the physical and chemical properties of β-lactoglobulin (Blg) microgels[END_REF][START_REF] Bahri | Atomic Force Microscopy Study of the Topography and Nanomechanics of Casein Micelles Captured by an Antibody[END_REF][START_REF] Bahri | Topographical and nanomechanical characterization of casein nanogel particles using atomic force microscopy[END_REF][START_REF] Ouanezar | AFM imaging of milk casein micelles: evidence for structural rearrangement upon acidification[END_REF]. The technique offers not only the opportunity to study the colloids morphology providing three-dimensional images with a high resolution, but also to evaluate their nanomechanical properties. AFM enables investigation of soft material in its natural environment and preserving its native properties [START_REF] Binnig | Atomic force microscope[END_REF][START_REF] Jiao | Accurate height and volume measurements on soft samples with the atomic force microscope[END_REF]. The advantage of using AFM indentation measurements in comparison to a bulk rheometer or surface rheometer is that the mechanical properties can be measured with a high spatial resolution in the range of the AFM tip radius (~20 nm).

The aim of the current study is to investigate the nanoscale topography and nanomechanical behavior of WPM, at native (6.5) and acid pH (5.5 and 3.0). Instinctively, a size modification could be correlated with a possible change of WPM mechanical properties. Here, AFM was used for imaging and force spectroscopy measurements in liquid environment to evaluate the size properties and the effective Young's modulus of WPM under native and acid conditions. Prior to AFM experiments, WPM were captured by a specific anti-ß-lactoglobulin antibody immobilized on a carboxylic acid self-assembled monolayer on a gold substrate. It was expected that substantial changes in the shape and structure of WPM particles induced by acidification lead to size and elasticity modifications. A hypothesis might be that an increase in size would directly decrease the particle elasticity as demonstrated in a previous study for certain gels, however, some polymeric microgels have presented a different behavior [START_REF] Backes | Nanomechanics and nanorheology of microgels at interfaces[END_REF].

Experimental

Materials

Whey protein microgel (WPM) powder supplied by Nestlé Institute of Material Sciences (lot 106685 trial 5013.005, Lausanne, Switzerland) has been produced at pilot scale according to Schmitt et al. [START_REF] Schmitt | Internal structure and colloidal behaviour of covalent whey protein microgels obtained by heat treatment[END_REF]. Briefly, a dispersion of whey protein isolate (WPI) (Prolacta 90, Lactalis, Retiers, France) at 4% (w/w) protein was prepared in softened water (cation exchange column, [Na + ] = 160 mg.L -1 ) at pH 5.9 ± 0.05. The WPI dispersion was pre-heated to 60°C and then heated to 85°C using a plate-plate exchanger, followed by a holding time of 15 min in a tubular heat exchanger and a subsequent cooling to 4°C. The obtained WPM dispersion was then concentrated to 22% (w/w) by microfiltration prior to spray drying and storage at 10°C in sealed aluminium bags.

The WPM powder contained 97% of proteins in the form of microgels. Its composition was (in g/100 g of wet powder): protein (N x 6.38, Kjeldahl), 91; moisture, 3.6; lactose, 3; fat, 0.4 and ash, 2. Mineral composition of the powder was (in g/100 g of wet powder): Ca 2+ , 0.320; K + , 0.409; Na + , 0.468; Mg 2+ , 0.060; Cl -, 0.178.

Tri-sodium citrate, Na₃C₆H₅O₇ was purchased from Alfa Aesar (Heysham, UK). 

Preparation of the whey protein microgel dispersion

The WPM dispersion was prepared by dissolving WPM powder at 4% (w/w) in Milli-Q water for 2 h under moderate stirring at 540 rpm to allow powder hydration.

The native pH of the starting WPM dispersion was 6.47. The dispersion was then homogenized at 250/50 bar with a GEA Niro Soavi homogenizer (Parma, Italy). For acid pH adjustment, 1M HCl was progressively added to the suspension under stirring at room temperature.

Dynamic light scattering (DLS)

DLS measurements were performed to estimate the hydrodynamic size of the WPM particles in liquid suspension. Experiments were conducted using a Zetasizer Nano-ZS equipment at 25°C in regular polystyrene 4-sided polished cuvettes (Sarstedt, Nümbrecht, Germany). Before analysis, samples were diluted 10-fold with ultrapure water (native condition) or with 10 mM acetate buffer at pH 5.5 or 10 mM citrate buffer at pH 3.0 for acid conditions to avoid multiple scattering phenomena during DLS measurements. Experimental data were assessed by the non-negative least squares (NNLS) algorithm [START_REF] Lawson | Solving Least Squares Problems[END_REF] with a dispersant viscosity of 0.89 mPa.s at 25°C and a refractive index of 1.33. Optical parameters of the dispersed WPM particles were taken as for milk proteins: 0.004 and 1.36 for the imaginary and the real refractive indices, respectively [START_REF] Regnault | Pressurisation of raw skim milk and of a dispersion of phosphocaseinate at 9 °C or 20 °C: Effects on casein micelle size distribution[END_REF]. For each sample, a mean size distribution curve was calculated from six independent measurements and the mean diameter (arithmetical mean) was obtained. Results were analyzed by the Student's t-test.

Statistical significance was set at p<0.05.

Substrate and sample preparations for AFM observations

All steps of WPM particles immobilization were carried out at room temperature according to a specific procedure developed previously [START_REF] Bahri | Atomic Force Microscopy Study of the Topography and Nanomechanics of Casein Micelles Captured by an Antibody[END_REF]. Gold-sputtered glass chips (AU.0500.ALSI, Platypus Technologies LLC, Madison, WI, USA) were cleaned with piranha solution (70% H2SO4 + 30% H2O2), and then rinsed three times with ethanol. The chips were immediately immersed in a 5 mM ethanolic solution of 11-MUA for 18 h to cover the surface with a self-assembled monolayer (SAM) of carboxyl groups. SAM-coated chips were then rinsed with absolute ethanol and ultrapure water. The SAM-covered chips were firstly activated via amine coupling using carbodiimide chemistry, before being immersed for 1h in a mouse anti-ßlactoglobulin polyclonal antibody solution (100 µg/mL) dissolved in acetate buffer (10 mM, pH 5). The chips were then immersed in ethanolamine solution (1M, pH 8)

for 30 min to block the free binding sites. Fresh WPM dispersion was immediately deposited on the substrates. The chips were then rinsed with MilliQ ultrapure water for native conditions samples, 10 mM acetate buffer for samples at pH 5.5 or 10 mM citrate buffer for samples at pH 3 and finally equilibrated at room temperature for 3 h before AFM measurement.

Atomic Force Microscopy imaging

The AFM experimental system used for both imaging and force-distance curves measurements was an Asylum MFP-3D head coupled to the Molecular Force Probe 3D controller (Asylum Research, Santa Barbara, CA, USA). All the AFM measurements were carried out using triangular, back side gold coated silicon nitride cantilevers MLCT purchased from Bruker, with a nominal spring constant of 0.01 N/m and an approximate length and width of 310 µm and 40 µm, respectively. MLCT tips have a nominal side angle of 17.5°±2.5° and a nominal radius of 20 nm. Prior to each experiment, the cantilever spring constant was determined in liquid environment using the thermal noise method included in the MFP-3D Igor software. AFM height and deflection trace and retrace topographic images, with a pixel resolution of 512 pixels at a line rate of 0.6 Hz, were obtained in contact mode in Milli-Q water or acid buffers at room temperature. The contact force used for imaging ranged from 100 to 300 pN. For each pH condition, the AFM experiment was repeated 3 times using different tips.

AFM images analysis

Raw images were corrected using implemented Asylum software according to a standard procedure (Flatten, Planefit, and removal of artifact lines). Longitudinal profiles sections in selected areas were also obtained using this software.

The height (h) and width (w) distributions were obtained from the single WPM particle size analysis using the implemented software.

The contact angles of the WPM particles were deduced by the AFM-measured (h) and (w) of each WPM particle using the equation ( 1):

Ɵ= 180 Arccos (1-(h/w)) /π (1)
Results were analysed by the Student's t-test. Statistical significance was set at p<0.05.

AFM force-distance curves analysis

During the force spectroscopy measurements, the AFM tip is considered as a sensitive sensor, gently pushing the sample surface at a preselected loading force.

This mode involves maintaining the x-y position of the AFM probe fixed, while ramping it along the z-axis, to measure the deflection as the tip approaches and retracts from the sample surface. The deflection is then used to generate a forcedistance curve. Thanks to this technique, it is possible to measure the force between the probe and sample surface, and to couple AFM imaging with the mechanical response at the local scale of the studied system [START_REF] Jager | Atomic Force Microscopy[END_REF]. To obtain the tip spring constant, the cantilever was calibrated prior to each force measurement experiment in air, then in liquid using the thermal noise method [START_REF] Hutter | Calibration of atomic force microscope tips[END_REF][START_REF] Hutter | Tilt of atomic force microscope cantilevers: Effect on spring constant and adhesion measurements[END_REF].

Successive images were recorded before and after force measurements to monitor eventual major morphological changes or drift and also make sure that the tip indented in the chosen objects at the selected position. As trace and retrace images revealed a slight drift of WPM particles by the AFM tip in the scan direction, a 3 h equilibration period before experiments was implemented to reduce this lateral drift.

For each pH, about 30 force curves were conducted in the central region and the periphery of different WPM particles with a maximum loading force of ∼100 pN in order to obtain the smallest possible perturbation and indentation on the microgel particles and to limit stiffness overestimation due to the influence of the substrate.

Consequently, a minimal indentation depth was obtained. Force curves were obtained at the centre of several individual WPM particles over a 6µm x 6µm area. The contribution of hydrodynamic forces and viscoelastic artefacts was avoided by using an approach and retraction velocity at 6 µm/s, meaning a piezo-extension rate of 3 Hz to minimize hydrodynamic and viscoelastic artifacts [START_REF] Rosenbluth | Force microscopy of nonadherent cells : A comparison of leukemia cell deformability[END_REF], after testing other tip loading speeds. Speed influence on effective Young moduli (referred also to as "E" henceforth) demonstrated negligible for velocity values between 1 and 8 µm/s, as presented in figure S1 of the SI.

E values were calculated for each force from the approaching part of the force curves only, as the recorded force curves exhibited a hysteresis that depends on the viscoelastic behavior of the sample [START_REF] Lanero | Mechanical properties of single cells encapsulated in polyelectrolyte matrixes[END_REF], and according to a modified Hertz model [START_REF] Hertz | Über die Berührung fester elastischer Körper[END_REF], as described elsewhere [START_REF] Martin | Morphology and nanomechanics of sensory neurons growth cones following peripheral nerve injury[END_REF]. The Hertz model was chosen to fit the forcedistance curves since it has been one of the simplest and most widely used models to quantify the mechanical properties of biological samples [START_REF] Gaboriaud | Atomic force microscopy of microbial cells: Application to nanomechanical properties, surface forces and molecular recognition forces[END_REF]. It was checked carefully that WPM particles retained the same spherical cap section shape and remained adhered before and after indentation experiments.

The individual elasticity values for each WPM particle were collected via the Asylum software providing the distribution of elasticity values. Counts were normalized considering the total collected elasticity values of the specimen. A Gaussian fit was then calculated using the multi-peak analysing software implemented in the MFP-3D operating system and the OriginPro 8 software.

The results were analysed by the Student's t-test. Statistical significance was set at p<0.05.

Results and discussion

Size and topography of whey protein microgels (WPM)

The hydrodynamic diameter of WPM particles in suspension was first investigated by dynamic light scattering. Fig. 1 depicts the size distribution curves of WPM particles expressed in the measured light intensity at pH 6.5, 5.5 and 3.0. For this pH range, WPM displayed monomodal distribution, with sizes ranging from 120 to 639 nm, 117 to 868 nm, and 127 to 548 nm for pH 6.5, 5.5 and 3.0, respectively (Table 1).

Log-normal distributions were obtained with mean hydrodynamic diameters (Dh) of ~ 248 ± 2, 278 ± 2, and 250 ± 3 nm for pH 6.5, 5.5 and 3.0, respectively. The polydispersity index (PDI) was rather low (0.09) for pH 6.5 and 3.0, while PDI was 0.17 at pH 5.5, indicating possible presence of aggregated WPM. In addition, a second peak, showing a minor population, appeared at ~ 5 µm. The hydrodynamic diameter slightly increased when the pH was lowered to 5.5 (p<0.05). However, no significant size modification was observed at pH 3.0. A recent study performed on βlactoglobulin microgels, reported that a decrease of pH from 6.0 to 3.5 did not induce significant changes in the microgels hydrodynamic size evaluated by DLS [START_REF] Murphy | Effect of crosslinking on the physical and chemical properties of beta-lactoglobulin (Blg) microgels[END_REF]. On the other hand, the investigation of the acid-induced changes by light scattering requires significant dilutions of the sample in order to avoid multiple scattering for turbid solutions. Therefore, this method gives access only to the size properties of single particles or moderately aggregated ones. In addition, the highly diluted conditions results in findings that may not be relevant for the situations encountered in real conditions at higher concentrations. A previous study performed on acidified micellar casein solutions demonstrated that the significant effects of dilution reflected the concentration-dependent restructuration and aggregation events. In fact, at low protein concentrations, a lower collision probability of proteins is obtained leading to a decrease in the aggregation events [START_REF] Moitzi | The pH induced sol-gel transition in skim milk revisited. a detailed study using time-resolved light and X-ray scattering experiments[END_REF]. Therefore, AFM was further employed enabling investigation of samples at significantly higher WPM concentrations. At these conditions, close to their native environment, AFM could provide evidences about the structural rearrangements upon acidification taking into account the aggregation events. Results are expressed as the means ± standard deviations of three replicates.

Different superscript letters presented in the same column indicate significant differences (p < 0.05)

In addition to hydrodynamic diameter evaluation by DLS, WPM topography was investigated by AFM. Captured by anti-β-lactoglobulin antibodies on a functionalized gold chip and imaged in contact mode in ultrapure water, the WPM particles were successfully immobilized and no lateral displacement was noticed during AFM experiments (Fig. 2, 3 and 4). This result suggests the favourable accessibility and the interaction of β-lactoglobulin present in the particles' framework with the specific antibody immobilized on the substrate.

At native pH of 6.5, most WPM particles displayed a spherical-cap shape with a smooth homogeneous surface. However, they could also present a strawberry-like shape as illustrated in figure S2 of the SI. Their structural integrity was maintained during the AFM scanning (Fig. 2). Only individual particles (spherical-cap or strawberry-like shaped), with sizes up to 1 µm were analysed.

Qualitatively, the structures captured on the surface presented a markedly visible polydispersity and differed greatly in relative height and width. The particles width varied approximatively from 20 to 800 nm, while the maximum height was between 20 and 100 nm (Fig. 2).

The shape and size of the WPM particles obtained by AFM at native pH were higher than those reported in previous transmission electron microscopy studies where smaller particles were observed due to the required dehydration of the sample [START_REF] Schmitt | Internal structure and colloidal behaviour of covalent whey protein microgels obtained by heat treatment[END_REF][START_REF] Schmitt | Influence of protein and mineral composition on the formation of whey protein heatinduced microgels[END_REF]. The apparent shape and size of the captured WPM particles were similar to those of casein micelles, natural self-assembly [START_REF] Bahri | Atomic Force Microscopy Study of the Topography and Nanomechanics of Casein Micelles Captured by an Antibody[END_REF][START_REF] Ouanezar | AFM imaging of milk casein micelles: evidence for structural rearrangement upon acidification[END_REF] or internally cross-linked by transglutaminase [START_REF] Bahri | Topographical and nanomechanical characterization of casein nanogel particles using atomic force microscopy[END_REF][START_REF] Huppertz | Structure and stability of nanogel particles prepared by internal cross-linking of casein micelles[END_REF][START_REF] Mcmahon | Rethinking casein micelle structure using electron microscopy[END_REF] or by genipin [START_REF] Silva | AFM study of casein micelles cross-linked by genepin: effects of acid pH and citrate[END_REF]. However, WPM display a different structure due to the particular mechanism of their formation involving a complex interplay between several kinds of interactions, namely hydrogen, hydrophobic and covalent ones [START_REF] Schmitt | Internal structure and colloidal behaviour of covalent whey protein microgels obtained by heat treatment[END_REF] while casein micelles are mainly stabilized by hydrophobic interactions and ionic bridges.

At pH 5.5, single microgel particles maintained their structure and did not show any dissociation as observed on the AFM 2-and 3-D images (Fig. 3). This is in agreement with the fact that these particles are highly stable thanks to the covalent stabilization of the framework by intra-particle disulfide bonds [START_REF] Schmitt | Internal structure and colloidal behaviour of covalent whey protein microgels obtained by heat treatment[END_REF][START_REF] Alting | Physical and chemical interactions in cold gelation of food proteins[END_REF][START_REF] Alting | Number of thiol groups rather than the size of the aggregates determines the hardness of cold set whey protein gels[END_REF][START_REF] Galani | Heat-induced denaturation and aggregation of beta-Lactoglobulin: kinetics of formation of hydrophobic and disulphidelinked aggregates[END_REF]. Actually, WPM internal covalent cross-linking prevents their disassembly and maintains their integrity for a wide pH range [START_REF] Schmitt | Internal structure and colloidal behaviour of covalent whey protein microgels obtained by heat treatment[END_REF].

Even though the particles retained their shape, lowering the pH to 5.5 led to an aggregation of the WPM particles, as observed in fig. 3. In addition to large aggregates formation during acidification, an increase in the particles size compared to pH 6.5

occurred and single entities with larger size were also observed on the surface. With respect to either large or small aggregates, the planar width dimensions were apparently larger than the relative height values, which can be reasoned based on the particles adsorption on the antibody-covered surface.

The polyampholyte character of WPM was previously highlighted by a study on the pH dependence of their colloidal stability by ζ-potential measurements and SAXS experiments [START_REF] Schmitt | Internal structure and colloidal behaviour of covalent whey protein microgels obtained by heat treatment[END_REF], evidencing no significant aggregation between microgels at low pH values due to the limited q-range accessible by SAXS. In fact, in that study, the used q-range described only fractal internal structure of the microgel. Therefore, the In a previous study, it was shown that at a pH below the isoelectric point (4.82),

WPMs were positively charged. At this pH value, their ζ-potential is about +35 mV, which ensures electrostatic repulsion between WPM, therefore preventing their aggregation. Moreover, at pH 5.5, WPM particles are near the boundary of the regime where they aggregate (their solubility is below 5%), whereas pH 6.5 and pH 3.0 are located in stable regions where the solubility is higher than 90% [START_REF] Schmitt | Internal structure and colloidal behaviour of covalent whey protein microgels obtained by heat treatment[END_REF].

Size characteristics of individual WPM particles, acquired by analysing the AFM images confirmed the size increase after acidification. The width distributions obtained for the single WPM particles size revealed a monomodal distribution pattern (Fig. 5). At pH 6.5, they displayed an average width and height of 192 ± 26 nm and 14 ± 2 nm, respectively (Fig. 5a). A decrease in pH to 5.5 led to a significant (p<0.05) increase in WPM particles width (280 ± 9 nm) and height (90 ± 5 nm) (Fig. 5b). This size increase was more pronounced at pH values far from IEP. At pH 3.0, a more pronounced increase in size was observed (a width of 421 ± 25 nm and a height of 78 ± 1 nm) (Fig. 5c). AFM height (h) and width (w) distributions of casein micelles showed that they were definitely larger than higher due to their adsorption on the gold substrate [START_REF] Bahri | Atomic Force Microscopy Study of the Topography and Nanomechanics of Casein Micelles Captured by an Antibody[END_REF]. Calculated particles' height value was independent of the contact force used for imaging as shown in figures S4-S7 in the SI.

Therefore, the size of the captured WPM particles was also evaluated by the volume. The volume was calculated using the same particle analysis procedure as for height analysis by summing all heights values multiplied by the corresponding X scale and the Y scale values for each recorded pixel. At pH 6.5, WPM particles have an average volume of ~ 1.4 x 10 6 nm 3 corresponding to a diameter of 141 nm for a spherical WPM particle. At pH 5.5, WPM particles have an average volume of ~ 3.5 x 10 6 nm 3 corresponding to a diameter of 189 nm. At pH 3.0, WPM particles have an average volume of ~ 5.9 x 10 6 nm 3 corresponding to a diameter of 225 nm for a spherical WPM particle. Therefore, the increase in the WPM particle size could be better visualized by the volume calculation.

It was expected that WPM particles show shrinkage when positive and negative charges compensate each other at the IEP. At lower and higher pH, charges lead to an increase in the particles size as a result of electrostatic repulsions of non-compensated charged groups and/or WPM aggregation events [START_REF] Yao | Swelling and shear viscosity of stimuliresponsive colloidal systems[END_REF]. However, the size increase at pH 3.0 was more pronounced than at pH 6.5, while the absolute charge of the WPM is comparable. A possible reason is that, in addition to electrostatic repulsions, the pH decrease to 3.0 induces additional stress on the protein side chains, which were more entropically relaxed at pH 6.5, that was used to synthetize the WPM.

Actually, the ability of microgels to respond to environmental changes highly depends on various parameters such as the composition of the surrounding environment, the microgels preparation protocol and the nature of the modified conditions [START_REF] Rovigatti | Internal structure and swelling behaviour of in silico microgel particles[END_REF]. The observed increase in microgels size with decreasing pH could be explained by two parallel processes, one being the internal rearrangement of WPM due to electrostatic repulsions and increased protein chain stress at pH values away from IEP and on the other hand one being the particle-particle aggregation due to the exposition of hydrophobic groups of WPM [START_REF] Moitzi | The pH induced sol-gel transition in skim milk revisited. a detailed study using time-resolved light and X-ray scattering experiments[END_REF][START_REF] Vreeker | Fractal aggregation of whey proteins[END_REF]. Contrary to AFM data, similar WPM hydrodynamic diameters were observed by DLS at pH 6.5 and 3.0, attributed to the important contribution of aggregation events that could be hindered by DLS measurements in diluted solutions. The significant increase (p<0.05) of the WPM hydrodynamic diameter after acidification at pH 5.5 was further enhanced by the aggregation events observed by AFM. These results show that the contribution of aggregation phenomena on WPM size measurements overcome the internal modification events.

Aggregation phenomena are harder to be observed in highly diluted conditions used in DLS. Therefore, turbidity of WPM at different concentrations was measured as a function of pH. For undiluted samples, at pH 5.5, WPM showed a significantly higher turbidity than pH 6.5 and pH 3.0, which confirms the aggregation events observed by AFM at this pH. However the turbidity increase was less pronounced after the same dilution (1/10) used for DLS. It is therefore likely that the differences between the DLS and AFM experiments regarding the presence of aggregated WPM are concentration dependent (see figure S8 in the SI). Moreover, the difference in particles' size obtained using DLS or AFM could be attributed to the fact that DLS measures the WPM hydrodynamic diameter taking into account the hydration layer, but also to the influence of largest particles in light intensity frequency measurement and the dilution effect. However, AFM allows the effective diameter measurements enabling the volume calculation as it provided the possibility to measure independently the height and the width of individual particles. 

WPM nanomechanical behavior

The apparent contact angle can be used to describe the deformation of a particle upon adsorption, which has been shown to be related to the elastic modulus of the polymeric object. In fact, a droplet's deformation behavior is owed to the material's elastic nature [START_REF] Evangelopoulos | Elastic modulus of a polymer nanodroplet : theory and experiment[END_REF]. Therefore, any change in the apparent contact angle of captured WPM upon the modification of their ionic environment is expected to indicate a modification of their internal structure and consequently their nanomechanical properties [START_REF] Silva | AFM study of casein micelles cross-linked by genepin: effects of acid pH and citrate[END_REF]. The WPM apparent contact angle (θ) was deduced from the height and width measured by AFM. Since tip convolution induces larger error on width than on height, the contact angle was referred to the apparent contact angle, corresponding to the interior angle formed by the substrate and the tangent to the drop interface at the apparent intersection of these interfaces [START_REF] Brown | Handbook of polymer testing[END_REF][START_REF] Russel | Contact Angle Measurement Technique for Rough Surfaces[END_REF]. Indeed, the droplet deformation upon adsorption on the substrate is mainly generated by the stress development across the bulk in opposition to that deformation [START_REF] Evangelopoulos | Elastic modulus of a polymer nanodroplet : theory and experiment[END_REF][START_REF] Brown | Handbook of polymer testing[END_REF]. A perfect sphere should display an apparent contact angle of about 90° [START_REF] Yuehua | Surface science techniques[END_REF]. Lower contact angle values could be obtained for deformed particles due to their flattening on the substrate surface. At pH 6.5, WPM particles displayed an apparent contact angle of ∼ 29 ± 8° against the antibody-coated surface. Modification of the WPM ionic environment by acidification induced an increase in the apparent contact angle at pH 5.5 (52 ± 13°) and pH 3.0 (40 ± 6°). The WPM apparent contact angles at pH 6.5 is in close agreement with that obtained for native casein micelles self-assembly captured on a gold substrate by antiphospho-Ser/Thr/Tyr antibody [START_REF] Bahri | Atomic Force Microscopy Study of the Topography and Nanomechanics of Casein Micelles Captured by an Antibody[END_REF]. According to that study, this shape flattening on the surface was owing to the compressible nature of this colloidal self-assembly and its high hydration. The deformation of WPM upon adsorption on the antibody coated gold surface is attributed to their droplet-like behavior [START_REF] Helstad | Nanorheological properties of casein[END_REF]. This deformation could be also evaluated by plotting the height against the width of each WPM particle (Fig. 6). The comparison with the dotted line representing a perfect sphere highlighted the fact that the acidified WPMs were less flattened when captured on the substrate than the native ones. This result indicates a significant structural modification due to the molecular rearrangements induced by the acidification that could eventually lead to an increase in the particles elasticity.

Similar adsorption behavior was observed for casein micelles after their internal modification by covalent crosslinking using transglutaminase [START_REF] Bahri | Topographical and nanomechanical characterization of casein nanogel particles using atomic force microscopy[END_REF]. Hence, these results, depicting an increase of the apparent contact angle, underline the WPM resistance to the surface flattening under acid conditions. Therefore, it is expected that they display higher elasticity than in native conditions. On the other hand, acidified WPM were able to retain their shape better and thus could be stiffer. These results are in agreement with those observed for different microgel systems such as methacrylic acid (MAA)-based microgels covalently bound to silica surfaces investigated by AFM as a function of pH and microgel charge density [START_REF] Nyström | Electrostatic swelling transitions in surface-bound microgels[END_REF]. It was concluded that microgels deform compared to their spherical shape in solution. The degree of flattening was less pronounced at high charge densities observed at high pH values.

Evaluation of elasticity for single WPM at native and acid conditions was obtained by performing AFM force-distance measurements allowing to quantify the effective Young's modulus. Nano-indentation measurements were performed in buffer solutions at native and acid pH. Examples of force-curves for the three pH's are gathered in figure S9 in the SI.

As shown in fig. 7a, WPM single particles elasticity distribution at pH 6.5 exhibited a unimodal trend, with an elasticity peak centred at 12 ± 1 kPa. This elasticity value is significantly (p<0.05) lower than that obtained for native casein micelles (269 ± 14 kPa) near the same pH condition (pH 6.6). The different molecular interactions in these protein complexes and the presence of calcium phosphate in casein micelles leads to an increased stiffness of this latter colloidal self-assembly [START_REF] Nagy | Casein aggregates built step-by-step on charged polyelectrolyte film surfaces are calcium phosphate-cemented[END_REF].

It should be underlined that the elastic behaviour of WPM is very much dependent on the sample preparation conditions. In a previous study an apparent elastic modulus of about 150 MPa was obtained for individual WPM at native and acid pH after overnight drying and rehydrating of the sample immediately prior to force-indentation measurements. [START_REF] Murphy | Effect of crosslinking on the physical and chemical properties of beta-lactoglobulin (Blg) microgels[END_REF]. Moreover, the experiments were carried out with a higher loading force (∼3.7 nN) comparing to the low force used in our experiments (∼100 pN). In addition, a mica substrate has been used with an immobilization strategy involving electrostatic interactions with microgels.

After acidification WPM particle elasticity displays a monomodal distribution with a shift towards higher E values. The particles are stiffer at pH 3.0 and 5.5 while being significantly (p<0.05) softer at pH 6.5. The elasticity peaks were centred at 199 ± 9 kPa and 187 ± 12 kPa for pH 5.5 and 3.0, respectively (figure 7b,c). This significant (p<0.05) increase in stiffness suggests substantial changes in the structure of WPM particles and aggregation events observed in AFM images.

Native WPM particles seem to be softer due to higher spreading of the particle on the gold substrate as suggested in an AFM study performed on polyampholyte microgels [START_REF] Schroeder | Electrostatic interactions and osmotic pressure of counterions control the pHdependent swelling and collapse of polyampholyte microgels with random distribution of ionizable groups[END_REF]. Moreover, at pH 5.5 and 3.0, WPM particles were more resistant to flattening on the substrate and therefore stiffer than at pH 6.5. Particle sizes and elasticity values are gathered in table 2.

Moreover, ionic strength has been varied with pH meaning that pH and ionic strength effects are convolved. In order to assess the effect of ionic strength on elasticity changes, we have measured force-curves on microgel nanoparticules in ultrapure water at native pH (6.5) and in 10mM sodium phosphate buffer (pH 6.5), for the same sample. Thirty forces were measured on single particles, obtaining an average effective Young's modulus value of 18 ± 7 kPa in ultrapure water. After changing the buffer in situ under the AFM tip and waiting 1h to regain equilibrium,

an average E value of 20 ± 9 kPa was obtained. These results suggest that variation of ionic strength does not influence the stiffness of the particles.

Contact angles of water at pH 6.5 and acidic buffers (pH 5.5 and 3) droplets were also evaluated on gold chips substrates with antibody coating providing angles: 81°± 2°, 80° ± 1° and 80°± 2°, respectively (see figure S10 in the SI), suggesting that pH change does not have a significant effect on the contact angle.

In a previous study, an electrostatic swelling transition of methacrylic acid (MAA)based microgels (~100 nm diameter) covalently bound to silica surfaces was investigated by AFM as a function of pH and microgel charge density [START_REF] Nyström | Electrostatic swelling transitions in surface-bound microgels[END_REF]. With increasing pH, the microgel internal electrostatic repulsion increased causing the swelling of the microgels. AFM experiments showed that the swelling leads to a decrease in the microgels elasticity up to intermediate charge densities. A further increase in the charge densities caused microgels stiffening due to the electrostatic repulsions, which became sufficiently high to overcome the applied loading force.

This study has shown that there are two counteracting effects induced by increasing 

Conclusions

This AFM investigation provides important quantitative data describing the behaviour, in terms of size and elasticity, of undiluted WPM (4 wt%) in liquid environment at different pH conditions (Table 2).

The mild, antibody mediated immobilization of WPMs enabled visualization of small structures with mainly spherical cap sections revealing an increased size when the pH decreased. Size increase was more pronounced at a pH value far from IEP.

This could be explained by two processes, one being the internal rearrangement of WPM due to electrostatic repulsions and increased protein chain stress at pH values away from IEP, secondly the particle-particle aggregation due to the exposition of hydrophobic groups of WPM [START_REF] Moitzi | The pH induced sol-gel transition in skim milk revisited. a detailed study using time-resolved light and X-ray scattering experiments[END_REF][START_REF] Vreeker | Fractal aggregation of whey proteins[END_REF]. Indeed, an important technological challenge in material sciences and food technology is to monitor the mechanical properties of the desired product by controlling the building block particles properties at the nanoscale [START_REF] Mezzenga | Understanding foods as soft materials[END_REF]. Understanding the size properties of soft colloidal systems as a response to environmental stimuli such as pH is crucial for their use as functional ingredients or drug delivery systems [START_REF] Yao | Swelling and shear viscosity of stimuliresponsive colloidal systems[END_REF]. The question is how could WPM properties impact on the product macroscopic mechanics. This requires a deep understanding of the relationship between colloidal modifications under environmental changes and nanomechanical properties. Given the scarcity of studies addressing these issues, the present work constitutes a comprehensive investigation of the colloidal behavior of WPM associated with their mechanical properties on a small length scale under pH decrease.

The data presented in Tables 1 and2, provided by our AFM study quantifying the effect of pH on whey protein microgels behaviour can be valuable in view of their promising use as biodegradable carriers for various bioactive compounds, drugs or water. The observed size variations are accompanied by important changes in WPMs elasticity as measured by AFM force spectroscopy. The AFM elasticity (E) data showed a 15-fold increase (p<0.05) in stiffness with pH decrease (Table 2). These findings indicate that the mechanical profiles of WPM network directly varied with pH changes.

These internally strengthened, cross-linked structures, modified by acidification, could display interesting functional properties when used as a food ingredient as shown recently for emulsion or foam stabilization where WPM could act as Pickering particles or particle cloggers [START_REF] Destribats | Emulsions stabilised by whey protein microgel particles: Towards food-grade Pickering emulsions[END_REF][START_REF] Schmitt | Bulk self-aggregation drives foam stabilization properties of whey protein microgels[END_REF]. Interestingly enough, both emulsion and foam stability where shown to be maximum for the IEP of the WPM, i.e. where their stiffness is high as well as their surface hydrophobicity. These microgels could also exhibit interesting encapsulation properties, opening the way for their use as nanovectors monitoring bioactives release to the desired target after ingestion when submitted to various ionic and pH environment during digestion. Open questions relate to the link between nanomechanical properties of the individual WPM and the macroscopic properties of the food products based on this ingredient and would merit to be further investigated in future studies.

  colloidal stability is affected and aggregation of individual WPM occurs. A close look to the AFM deflection images (Fig 3c, d), indeed suggests that individual WPM particles are still intact and not dissociated due to the colloidal instability but tend to aggregate. The initial microstructure of the network is firstly defined by non-covalent chemical interactions between the aggregates, likely hydrophobic ones that are favoured close to the IEP [55].WPM particles topography was also investigated in more acid conditions at pH 3.0. Fig.4evidences the presence of mostly isolated WPM particles and some aggregates, with an increase in the individual particles' size compared to that observed at higher pH. AFM deflection images (Figure3 c, d, and 4 c, d) clearly evidence the presence of more WPM aggregates and less single WPM particles at pH 5.5 than at pH 3.0 (see FigureS3of the SI).

Fig. 1 Fig. 2

 12 Fig. 1 Particle size distribution curves of WPMs (4% w/w) at pH 6.5 (. ), 5.5 (•), and 3.0 (. ) determined by dynamic light scattering (DLS) in light intensity. DLS measurements were performed at 25°C. Mean curves obtained from 3 to 6 DLS measurements are shown. Log-normal distributions were obtained with mean hydrodynamic diameters (Dh) of ~ 248 ± 2, 278 ± 2, and 250 ± 3 nm for pH 6.5, 5.5 and 3.0, respectively.

Fig. 3

 3 Fig. 3 AFM height (a,b) and deflection (c,d) images, height profile at the selected scan line on height image (e) and three-dimensional AFM height image (f) of WPM at

Fig. 4

 4 Fig. 4 AFM height (a,b) and deflection (c,d) images, height profile at the selected scan line on height image (e) and three-dimensional AFM height image (f) of WPM at pH (3.0). WPMs prepared at 4% (w/w) were captured by the anti-β-lactoglobulin antibody. Images were performed in liquid (10 mM citrate buffer, pH 3.0) in contact

Fig. 5

 5 Fig. 5 WPM (4% w/w) width and height distributions at pH 6.5 (a,d), 5.5 (b,e) and 3.0

Fig. 6

 6 Fig. 6 Height versus width plots of individual WPM, in liquid under native conditions at pH 6.6 (a) or in acid environment at pH 5.5 (b) and 3.0 (c). The dashed line in the height vs width graph shows the linear ratio between width and height of a nondeformable sphere. Height and width were extracted from AFM height images in

Fig. 7 Table 2 :

 72 Fig. 7 Elasticity distributions measured by AFM indicating the stiffness of WPM in liquid environment (a) at pH 6.5 (Millipore water), (b) at pH 5.5 (10 mM acetate

Table 1 :

 1 Size properties of WPM (0.4%) WPM as measured by DLS.

		Minimum	Maximum	Average	Poly
		diameter (nm)	diameter (nm)	diameter (nm)	dispersity index
	pH 6.5	120	639	248 ± 2	0.09 ± 0.02
	pH 5.5	117	868	278 ± 2	0.17 ± 0.01
	pH 3.0	127	548	250 ± 3	0.09 ± 0.02
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